The electrical asymmetry effect in a spherical, geometrically asymmetric capacitive argon discharge driven by two consecutive harmonics is investigated using particle in cell simulations and analytical modeling. We find that the discharge asymmetry can be reduced electrically by tuning the phase shift between the driving frequencies, i.e., the absolute value of the dc self-bias voltage can be completely reduced and the mean ion energies at both electrodes can be adapted.
generation of a dc self-bias voltage to ensure equal fluxes of positive and negative charges to each electrode on time average. [3] [4] [5] [6] Based on an analytical model, Heil et al. 7 derived
an expression for , sg , sp is the maximum voltage drop across the sheath at the grounded and powered electrode, respectively, n sp , n sg is the spatially averaged ion density, and Q mg , Q mp is the maximum charge in the respective sheath.
In discharges with a strong geometrical asymmetry ͑A g ӷ A p ͒ driven by a sinusoidal voltage waveform, ͑t͒ = 0 sin͑2ft͒, a dc self-bias voltage of =− 0 is generated geometrically ͑ =0͒. This highly negative self-bias causes the mean sheath voltage and ion bombardment energy to be high at the smaller powered electrode and to be low at the larger grounded electrode. Therefore, geometrically asymmetric plasma sources are often used for plasma etching, which requires high ion bombardment energies at the substrate located on top of the smaller electrode. Due to the low ion bombardment energy at the larger grounded surfaces, wall cleaning by highly energetic ion bombardment ͑sputter-ing͒ is often impossible. Instead, the gas mixture is usually changed to clean the chamber walls chemically. For deposition processes, low ion bombardment energies are typically required to avoid damage of the deposited layer and, thus, geometrically symmetric discharges are often used.
Recently, in geometrically symmetric discharges, the electrical asymmetry effect ͑EAE͒ was demonstrated to provide the opportunity to induce and control a dc self-bias electrically by driving one electrode with two consecutive harmonics with fixed, but adjustable phase shift between the applied frequencies, [7] [8] [9] [10] 
Here, lf and hf are the amplitude of the fundamental frequency and its second harmonic, respectively. For =1 it was shown that can be tuned from about Ϫ25% to +25% of the total applied voltage amplitude, lf + hf , in an almost linear way by changing from 0°to 90°. In this way, the mean ion energy at the electrodes can be controlled separately from the ion flux by adjusting .
In this work, we extend the investigations of the EAE from geometrically symmetric to geometrically asymmetric discharges ͑A g ӷ A p ͒. Based on a self-consistent one dimensional particle in cell simulation complemented with Monte Carlo treatment of collision processes ͑PIC/MCC͒ and an analytical model, 7 we investigate a spherical discharge as depicted in Fig. 1 electrode with a voltage waveform according to Eq. ͑3͒ and tuning from 0°to 90°, the discharge can be made electrically symmetric ͑ Ϸ 0 V͒. It should be noted that can vanish, while 1. In this way, the ion energy distribution functions and the mean ion energies at both electrodes can be made almost identical. This might allow to switch electrically from an etching mode ͑high ion energies at the powered electrode͒ to a cleaning mode ͑high ion energies at the chamber wall͒ or even a deposition mode ͑low ion energies at the powered electrode͒ by simply adjusting the phase angle .
We use PICS, a PIC/MCC code, that solves Poisson's equation self-consistently by means of a multigrid scheme coupled to the equations of motion for electrons and ions in a one dimensional spherical symmetry including an external bias capacitor of 5 nF. The dc self-bias voltage is calculated self-consistently by ensuring charge continuity. The simulations are performed in argon at 1 Pa. The cross section data for the collisions are taken from Ref. 11 . The radii of the inner and outer electrode are 10 and 14 cm, respectively, resulting in an area ratio of A p / A g Ϸ 0.5. A voltage waveform according to Eq. ͑3͒ with lf = hf = 100 V and f = 10 MHz is applied to the inner electrode, while the outer electrode is grounded. Figure 2 shows the dc self-bias obtained from the simulation and the analytical model using Eq. ͑1͒ as well as the symmetry parameter as a function of . The symmetry parameter is calculated from the maximum sheath voltages, which are obtained from the simulation by spatially integrating the potential from the respective electrode to the oscillating sheath edge, s = s͑t͒, defined by the Brinkmann sheath criterion,
Here, n i is the ion and n e the electron density. The respective electrode is located at x =0. ͑To evaluate the right hand side integral one has actually to integrate from s͑t͒ to a position in the plasma bulk where quasineutrality is ensured.͒ By tuning from 0°to 90°, is increased from about Ϫ85 V to almost 0 V, i.e., the geometrical discharge asymmetry is compensated electrically. The simulation results are well reproduced by the analytical model using from the simulation in Eq. ͑1͒ ͑Fig. 3͒. Due to the electrical change of , the ion energy distribution functions ͑Fig. 2͒ are almost identical for = 90°, while they are substantially different for = 0°. Similarly, the mean ion energy ͑Fig. 4, below͒ decreases as a function of at the smaller powered electrode, while it increases at the larger grounded electrode at almost constant ion flux ͑Fig. 4, above͒. At = 0°the mean ion energies at both electrodes are substantially different due to the high negative self-bias, while they are almost identical at 90°͑ Ϸ 0 V͒. The range of electrical self-bias and ion en- ergy control can be substantially enlarged by adding further consecutive harmonics to the driving voltage waveform. 13, 14 Thus, the results presented here serve as a proof of principle and could be further optimized.
The discharge conditions at = 0°are ideal for plasma etching due to the high ion energy at the smaller powered electrode, while the conditions at = 90°might favor wall cleaning by highly energetic ion bombardment or even deposition processes at the inner electrode. Based on these results, the EAE might be used to switch from an etching to a cleaning or deposition mode by simply tuning the phase between the driving voltage waveforms. In this way, any change of the gas mixture for chamber cleaning could be avoided and etching as well as deposition processes might be performed in one reactor avoiding the necessity of different reactors with different geometries.
The symmetry parameter is approximately 0.55 and almost independent of ͑Fig. 2͒. Its value and, thus, is not only determined by the electrode area ratio ͓͑A p / A g ͒ 2 Ϸ 0.25͔. The constance of as a function of differs from the situation in geometrically symmetric plane parallel reactors at low pressures, where was found to change as a function of self-amplifying the EAE. 7, 9 Here, there is no such self-amplification due to the following mechanism related to the geometric asymmetry of the spherical discharge: As shown in Fig. 1 , there is a constriction of the current paths from the outer to the inner electrode. Therefore, the mean ion densities in the sheaths are different ͑n sp / n sg Ϸ 1.25͒ and the ion current density is higher at the inner compared to the outer electrode ͑Fig. 4, above͒. Thus, the electron current density required to compensate the ion flux during sheath collapse is higher and the floating potential is lower at the inner compared to the outer electrode. This causes the maximum charges in each sheath to be significantly different ͓͑Q mg / Q mp ͒ 2 Ϸ 1.7͔ because a substantial fraction of the total uncompensated charge is located inside the sheath at the grounded electrode, when the sheath at the powered electrode is fully expanded, while almost no charge is located inside the inner sheath, when the sheath at ground is fully expanded. In spherical geometries, this is an inherent mechanism of the discharge to reduce its asymmetry, which has important consequences for, e.g., electron heating due to a reduction of nonlinear electron resonance heating. [15] [16] [17] [18] In conclusion, we have found a method to reduce the asymmetry of geometrically asymmetric discharges electrically via the electrical asymmetry effect. By tuning the phase shift between two consecutive driving harmonics, the absolute value of the dc self-bias voltage can be substantially reduced and the mean ion energies at both electrodes can be made similar. It could be very interesting to work out whether this effect similarly appears in discharges in molecular, electronegative gases which are used for material processing. This might allow to switch electrically from an etching mode to a cleaning or even a deposition mode in the same reactor avoiding the necessity for a change of the gas mixture for chemical wall cleaning and different chamber geometries for etching and deposition processes.
